Turbulent flow in meandering open channels is one of the most complicated and unpredictable turbulent flows as the interaction of various forces, such as pressure gradient, centrifugal force, and wall shear stresses severely affect the flow pattern. In order to improve significance in engineering application, understanding the overall flow characteristic is the focus. This paper presents the results of numerical and experimental investigations of flow in a 180 W mild bend, which is close to criticality with curvature ratio R/B ¼ 3. Considering the characteristic of various models, three-dimensional (3D) re-normalization group (RNG) k-ϵ model was adopted to simulate the flow efficiently. Governing equations of the flow were solved with a finite-volume method. The pressure-based coupled algorithm was used to compute the pressure. The flow velocities were measured experimentally with Micro acoustic Doppler velocimeter. Good agreement between the numerical results and measurements indicated that RNG k-ϵ model can successfully predict this flow phenomenon. The flow pattern in this bend is influenced widely by the secondary flow. The variations of velocity components, streamlines, secondary flow, and wall shear stresses are analysed in the study. Some newly discovered phenomenon in this special state are worth noting.
In this paper, the study focuses on the simulation of sec- Continuity equation:
where ρ is the density of the fluid, u is the temporal average velocity, p is the pressure, ν is the kinematic viscosity, k and ε are the turbulent kinetic energy and the dissipation rate, respectively. À u 0 i u 0 j stands for the Reynolds stress tensor
represents the generation of turbulence kinetic energy due to the mean velocity gradients
represents the kinematic eddy viscosity.
It is worth noting that all the values of the constants (except β) are derived explicitly in the RNG procedure.
They are given below with the commonly used values
The turbulent Prandtl numbers for k and ε are:
The modulus of the mean rate-of-strain tensor is
where the mean strain rate is
Calculation method
The calculation domain is the same as the experimental 
RESULTS AND DISCUSSION

Longitudinal velocity distribution
When flow approaches the bend, the secondary flow is generated gradually and causes changes in the velocity components at three directions, x, y, and z. Due to the presence of secondary flow in the bend, the maximum value of the longitudinal velocity occurs below the water In the end, the locations of maximum longitudinal velocity are just about 2 cm from the bed, as shown in Figure 4(g) .
Generally, Figure 4 shows that changes in longitudinal velocity near the inner bank are more dramatic 
Lateral velocity distribution
In a meandering channel, the centrifugal force increases the water level near the outer bank and decreases the water level near the inner bank. As a result, under the effect of pressure gradient, flow is directed toward the inner bank near the bed and toward the outer bank near the water surface. Figure 5 shows The reason may be that the secondary flow has a greater effect on lateral velocity.
Vertical velocity distribution
In a channel bend, the values of velocity at three directions are important because the interaction of the primary flow and the secondary flow leads to a complex three-dimensional helical flow. Figure 6 
Velocity horizontal distribution along the bend
The special feature of flow in the bend leads to a complex pressure gradient between the inner bank and outer bank.
The comparison of calculated velocity distribution along the bend at different horizontal planes is shown in Figure 7 .
Generally, at the start of the bend, due to the negative pressure gradient at the inner bank, the location of maxi- The calculated contours of longitudinal velocity at different sections along the bend are also depicted in Figure 8 . Figure 8(a) shows that at the start of the bend the zone of maximum longitudinal velocity is near the inner bank and water surface. However, when the secondary flow forms in the bend, this causes the lateral momentum transfer toward the outer bank (Figures 8(a)-(c) ), the 'maximum' zone shrink in the lateral direction and its core also seems to be moving towards the outer bank. This in turn shows that the centrifugal force generates secondary flow which results in the three-dimensional helicoidally flow pattern and, subsequently, this influences the flow behaviour and lateral momentum transport. It is worth noting that the 'maximum' zone moves in the direction opposite to the vortex core. Figures 8(d )-(f) show that as two vortexes emerge, the 'maximum' zone separates into two parts. The larger one follows the new vortex, the smaller one follows the old one, and they both approach the bed, but the smaller one gets smaller and smaller as the two vortexes move closer to the outer bank. In the exit section, as two main vortexes retract inward and approximately disappear towards the bed, the 'maximum' zone returns to its original scale and arrives at the outer bank, as shown in Figure 8(g) . It is evident that the centrifugal force dominates near the water surface; the inward pressure gradient dominates near the bed; the primary flow and secondary flow influence each other.
The above analyses help for the prediction of erosion and deposition zone, in the case of a movable bed. If the bed is movable, sediment will deflect from the outer bank to the inner bank. Therefore, we can expect erosion near the outer bank and deposition near the inner bank in a movable bed channel.
Wall shear stresses
The wall shear stresses play an important role in the process of sediment transport. The knowledge of wall shear stresses helps to estimate the zones of bed-load transportation, erosion and deposition of sediment in bend channels. The wall shear stress τ, was estimated by using the wall laws
where U is the velocity, U þ is the shear velocity, y is the distance from the wall and k s is the wall roughness. The values of wall shear stresses were calculated by using Equation (7) and are plotted in Figure 9 . It can be clearly seen that at the start of the bend the outer bank shear stresses are smaller than the inner ones, the maximum bed wall shear stresses is located near the inner bank. When the secondary flow grows in the bend, the zone of maximum bed shear stresses deflects gradually toward the outer bank. In the process, the magnitude of inner and outer bank shear stresses is very similar. While starting from section 30 W , the outer bank shear stresses are larger above the two-thirds of water depth from the bed;
the inner ones are larger below this depth. Moreover, the inner bank shear stresses can reach a local minimum both at the bed and the water surface. At the end of the bend, the zone of maximum bed shear stresses is close to the outer bank, whose shear stresses are much larger than the inner bank. It is worth noting that the variation tendency of the wall shear stresses is similar to the stream-wise velocity distribution. This is in accordance with the simulated results of Van Balen et al. ().
Strength of secondary flow
In this paper, the strength of secondary flow at each section is taken as the integral for helicity on a specific section. Helicity is the extent to which helix-like motion occurs, defined by the dot product of vorticity and the velocity vector (V)
The strength of secondary flow I is given by (Berger & Field )
The strength of secondary flow for different approach
Reynolds numbers Re was computed by Equation (10) and is depicted in Figure 10 . This figure shows that (6) The variation tendency of bed shear stresses is similar to the velocities. At the start of the bend, the maximum bed shear stress is located near the inner bank. In the end, the zone of maximum shear stresses is close to the outer bank. Meanwhile, for side-wall shear stresses, at first the outer bank shear stresses are smaller than the inner ones, then they ultimately outdistance the opposite side. 
